The kinetics of carbon nanotube (CNT) synthesis by decomposition of CH 4 over Mo/Co/MgO and Co/MgO catalysts was studied to clarify the role of catalyst component. In the absence of the Mo component, Co/MgO catalysts are active in the synthesis of thick CNT (outer diameter of 7-27 nm) at lower reaction temperatures, 823-923 K, but no CNTs of thin outer diameter are produced.
Introduction
Much research of carbon nanotube (CNT) has been carried out in respect to the growth mechanism, structure, morphology, and application of CNT because of their unique chemical and physical properties. Arc-vaporization [1, 2] , laser ablation [3] , and thermal chemical vapor deposition (CVD) [4] methods have been used for the synthesis of CNT. Catalytic chemical vapor deposition (CCVD) with its low cost and high yield, has been recognized as the most practical among all the CNT synthetic methods [5, 6] . The morphology and the quality of CNT depend on the catalysts, carbon sources, temperatures, flow rates and feedstock pressures. The effective catalysts for the CCVD growth of CNT are known to be Fe, Co and Ni. It is also known that the addition of Mo into Fe [7] , Co [8, 9, 10] , and Ni [11] catalysts leads to the formation of thin CNT. Hu et al. [9] have reported that Co-Mo catalysts show high selectivity and activity for the synthesis of single-walled carbon nanotube (SWNT) from ethanol, in which the role of Mo is considered to disperse Co molybdates and metallic Co. Herrela et al. [10] have also reported the formation of small Co clusters active for SWNT synthesis in Co-Mo/SiO 2 catalysts, where the formation of molybdenum carbide is observed.
In a study of the Ni/Mo/MgO catalyst [11] , it has been found that the formation of molybdenum carbide is crucial for controlling the catalytic properties, because molybdenum is present as molybdenum carbide in a steady state of CNT synthesis at temperatures above 1000 K.
On the other hand, the carbides of Ni, Co, and Fe are unstable at 1000 K. It has been suggested that the Mo component plays a role in reserving carbon in the bulk. That is, the presence of molybdenum carbide alters the kinetics of carbon migration into the bulk of the catalyst, and affects the segregation to the surface.
To clarify the role of the catalyst components, kinetic information is necessary concerning the constituent reactions steps such as dissociation of CH 4 , the migration of carbon into the bulk of catalyst, segregation of carbon to the surface, and the formation of graphene networks. The kinetic balance will control the apparent catalytic activity and the catalyst deactivation for synthesis of 4 CNT. In this study, we carry out kinetic measurements such as pressure dependence and temperature dependence of CNT synthesis on Co/MgO and Mo/Co/MgO catalysts. The results are used to discuss the rate-determining step, the reason for the catalyst deactivation, and the role of the Mo component. 
Experimental

Catalysts preparation
TEM and XRD
Transmission electron microscopy (TEM) observations were carried out using a JEOL JEM-2010FE TEM. X-Ray diffraction (XRD) measurements were carried out with an X'Pert MRD (Philips ) diffractometer using nickel-filtered Cu K α radiation. CNT samples were pressed on a Si single crystal plate. The patterns were recorded over 5º<2θ <90º.
Results and discussion
Effect of Mo on catalytic activity
CNT synthesis was carried out by decomposition of CH 4 (7.5-78 Torr) at 773-1073 K over decomposition is usually an activation process [12] . Also, the segregation rate of carbon from the bulk of Co will be greater than that of the carbon dissolution because the decomposition of Co 2 C is thermodynamically favored at 700 K [13, 14, 15] . The increases in the rates of both CH 4 decomposition and carbon segregation will lead to an increase in the rate of carbon accumulation at the Co surface. That is, the rate of graphene formation is unable to match that of the accumulation of carbon.
Deactivation was also examined on a Mo/Co/MgO catalyst at the high temperature of 1073 K, as shown in Fig. 5 . It was found that the catalytic activity was retained even at 8 h without deactivation. This is basically the same characteristic observed for the results of Mo/Ni/MgO catalysts [11] . It is considered that the length of the CNT increased with reaction time, with the number and the diameter of CNT being kept constant. The absence of deactivation for Mo/Co/MgO catalysts at high temperatures is a point of difference with Co/MgO catalysts, which is due to the kinetic balance of the elementary carbon-related steps. We thus carried out kinetic measurements as described in the next sections.
Pressure dependence 8
The dependence of CH 4 pressure upon the rate of CNT synthesis was examined for Co/MgO and Mo/Co/MgO catalysts to ascertain the rate-determining step. Figure 6 shows the carbon yield on a Co 0.4 Mg 0.6 O catalyst at 823 K as a function of reaction time at various CH 4 pressures. The initial reaction rate for carbon deposition can be obtained from the slope at t=0. The rate was thus evaluated as carbon yield (wt%) per hour. Here, gradual deactivation of catalyst can be recognized from a decrease in the slope. In Fig. 7 , the slope was plotted against CH 4 pressure to obtain the reaction order, n, of CH 4 in the following reaction equation.
( 1 )
The logarithmic plot of Fig. 7 clearly shows that the reaction order is unity, indicating that the dissociation of CH 4 on Co surface is the rate-determining step.
The reaction order was also examined for Mo/Co/MgO catalysts. was plotted against ln P CH4 as shown in Fig. 9 . Again, it was found that the reaction order, n, is equal to unity, indicating that the dissociation of CH 4 is the rate-determining step even at the high temperature of 1073 K. The results shown in Figs. 7 and 9 indicate that the rate-determining step is the dissociation of CH 4 if the catalyst is working without significant deactivation. In other words, the segregation of carbon or the assembling of carbon into graphene sheet is fast enough compared to the CH 4 dissociation. Otherwise, the surface carbon will be converted to the other forms of carbon, which then block the catalyst surface for CH 4 dissociation. The deactivation observed for Co/MgO at higher temperatures can thus be attributed to significant CH 4 dissociation compared to the rate of the graphene sheet assembly. dissociation is the rate-determining step, the activation energy may be comparable to that for CH 4 dissociation on a Co surface. The activation energy on Co/MgO seems to be higher than literature data of CH 4 decomposition (66.3 kJ/mol) [16] .
Temperature dependence
As shown in Fig.3 , the addition of Mo into Co/MgO catalysts reduced the reaction rate of CH 4 dissociation at 773-923 K. This is consistent with the increase of the activation energy of CH 4 dissociation. The reduction in the catalytic activity of Mo/Co/MgO for the CH 4 dissociation would be related to the uniqueness of the catalyst for producing thin CNT at high reaction temperatures as described in section 3.5.
XRD measurements
To examine the state of the catalysts, XRD measurements were carried out for Co/MgO and Mo/Co/MgO catalysts after reduction with H 2 and after CNT synthesis. Figures 11 and 12 show XRD patterns for Co/MgO and Mo/Co/MgO catalysts, respectively. For the Co/MgO catalyst after calcinations, the peaks assigned to Co 3 O 4 at 2θ=19.05º, 31.24º, 44.75º, 59.37º, and 65. 21º were observed in addition to MgO peaks [17, 18] . After reduction with H 2 , a new peak attributed to metallic Co appeared at 2θ=44.16º and 51.36º, which did not change after CNT synthesis [19] . On the other hand, the Mo/Co/MgO catalyst after calcinations shows the presence of mixed oxides of MgMoO 4 and CoMoO 4 [17, 20] . After reduction of the mixed oxides, new peaks appeared at 2θ=40.23º and 45.19º indicating the formation of Mo-rich Mo-Co alloys [21] . This further suggests that Mo and Co are present in catalyst particles. The coexistence of Mo and Co in the Mo/Co/MgO catalysts is similar to that of Mo and Ni in the Mo/Ni/MgO catalysts [11] . After CNT synthesis new peaks attributed to Mo 2 C appeared at 2θ=39.53º [22, 23] . So it is considered that carbon was mixed into metallic Mo, and then Mo transformed into a stable species, Mo 2 C, during CNT synthesis.
Role of catalyst component
This study shows that the rate-determining step is the CH 4 decomposition for continuous synthesis of CNT in order to keep catalysts active for CNT synthesis. If the rate of CH 4 dissociation exceeds that of the formation of the graphene network, carbon species such as amorphous carbon will accumulate and cover the catalyst surface, leading to the deactivation of the CH 4 decomposition. Concerning the kinetic balance in the CNT synthesis, two significant effects of Mo in the Mo/Co/MgO catalyst were observed. First, the addition of Mo into Co/MgO decreased the catalytic activity for the dissociation of CH 4 as described in 3.3. Here, the rate-determining step of the CNT synthesis was the CH 4 dissociation. Second, molybdenum carbide was formed during CNT synthesis. The two effects mean that at higher temperatures CH 4 dissociation is relatively slow compared to the segregation of carbon to the bulk and the formation of a graphene network, which is the reason why the Mo/Co/MgO catalysts work at high temperatures without carbon deactivation.
The formation of Mo 2 C in the catalyst particles plays a role in preserving carbon in the catalyst particle.
Another possible effect of Mo is the production of thin CNT with good quality. The presence of the stable Mo 2 C will prevent the fluctuation in the shape of catalyst particles during CNT synthesis at the high temperature of 1073 K. As has been reported by video of in situ TEM measurements, because of thermal fluctuation the shape of a Ni catalyst particle frequently changes at 773-813 K during CNT synthesis [24] . Probably, the fluctuation leads to low quality in the crystallinity of CNT.
On the other hand, Mo 2 C is known to be a very hard material with a high decomposition temperature of 1273 K [11] . The thermal stability of Mo 2 C will help stably grow CNT with good crystallinity at high temperatures.
It should be noted that the coexistence of Co and Mo 2 C in a single catalyst particle is important for its operation as a bi-functional catalysts. The Co component is necessary for the dissociation of CH 4 . The mixture of Co and Mo in the single particle is successfully realized by forming the Mo-Co alloy in the reduction procedure of the catalyst preparation. The Mo-Co alloy phase will change to Mo 2 C and Co phases during CNT synthesis. This is similar to the case of Mo/Ni/MgO catalysts [11] .
Finally, the role of MgO is to disperse Mo and Co as small metal particles, which initially are mixed together by forming mixed metal oxides. 
Conclusion
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